[The CL-16 cDNA sequence has been deposited at GenBank under accession no. AB030082.]
Recently, we described a novel autosomal recessive renal disorder, chronic interstitial nephritis with diffuse zonal fibrosis (CINF) in Japanese Black (Wagyu) cattle (Kobayashi et al. 2000) . CINF was diagnosed preliminarily by increased blood urea nitrogen, creatinine, and urinary protein levels. The symptoms suggest that CINF results from defects in selective filtration and absorption in the surface renal epithelium. After examining pedigree structures, a sire was selected as a possible progenitor for the disease. Affected cattle were produced by selective matings between the sire and his daughter or between his son and daughter. The CINF locus was assigned to the central region of bovine chromosome 1 (BTA1; P < ‫ן4.3‬ 10 ‫01מ‬ ) close to a microsatellite marker BM9019 (Kobayashi et al. 2000) . In this paper, we describe the identification of a Claudin-16 (CL-16) mutation that is strongly associated with bovine CINF.
Claudin proteins are components of tight junction strands and have four transmembrane domains (Furuse et al. 1998; Morita et al. 1999; Tsukita et al. 1999) . They show specific tissue distribution patterns depending on the claudin species. Recently Paracellin-1 (PCLN-1), a new member of the claudin gene family, was reported to be a causative gene for renal hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHN) and was localized to HSA3q (Simon et al. 1999 (Praga et al. 1995) , the product of PCLN-1/CL-16 is likely to be required for selective paracellular conductance and to form an intercellular pore permitting paracellular passage of Mg 2+ and Ca
2+
on tight junction of renal tubule. Although PCLN-1/ CL-16 mutations cause renal disorders FHHN and CINF, the clinical features of both diseases are quite different. Therefore, these two clinically dissimilar diseases may be related through specific mutations/ deletions in the same gene or through species specificity.
RESULTS
The CINF critical region was mapped to an ∼10-cM region between microsatellite markers BMS4030 and INRA119 (Fig. 1a) . To locate the CINF region physically and to isolate additional informative microsatellite markers, bovine YAC clones harboring BM9019, a marker segregating with CINF, were isolated. Of the isolated YAC clones, clone 249E9, harboring both BM9019 and BMS4009, was chosen to prepare a cosmid library. Four cosmid clones (cos68, cos54, cos23, and cos48) were also mapped by FISH to the same region of BTA1. BM9019 was detected in cos68 and cos54, and BMS4009 was contained in cos54 and cos23. Digestion with restriction enzymes followed by Southern blot analysis confirmed that cos23 overlapped with cos48, and cos54 overlapped with both cos68 and cos23. To determine the physical relationship between cos68 and cos23, PCR primers 68-2F and 23-3R, which amplify an ∼250-bp PCR product, were designed for end sequences of cos68 and cos23, respectively. The sequence of the PCR product revealed that cos68 and cos23 stand end to end. The cosmid contig composed of cos68, cos23 and cos48 spans ∼100 kb. Two microsatellite loci, DIK129 and DIK130, were isolated from cos23. DIK130 exhibited a single allele in the disease founder grandsire. However, the DIK130 allele of the founder grandsire was not transmitted to either his son or daughter, indicating transmission from the founder of a null allele (Fig. 1b) . A null allele was also observed with BMS4009 and DIK129, respectively, strongly suggesting the presence of deletion in the cos23 region.
This finding suggested that the deletion was associated with a loss-of-function mutation of CINF. To isolate a CINF candidate gene, a bovine kidney cDNA library was screened with cos23, and cos48 as probes. A single 2.9-kb cDNA clone, number 55, was isolated with cos23 and cos48. To determine whether the coding region of cDNA 55 was deleted in CINF-affected cattle, Southern blot analysis was performed with 0.8 kb of the 5Ј half of cDNA 55 as a probe. Figure 1c shows the 3.0-kb fragment deleted in CINF-affected cattle. It is likely that the CINF deletion is in the 100-kb cosmid contig. To compare the normal 100-kb cosmid contig sequence with the mutant sequence, a mutant cosmid library was prepared from CINF-affected cattle DNA. A mutant cosmid clone designated mutant-cos2 was isolated with BM9019 and cDNA 55 as probes. To identify the deleted region, cos68, cos23, cos48, and mutantcos2 were shotgun sequenced. On the basis of the sequence of mutant-cos2, the deleted region was determined to contain all of cos23 and parts of cos68 and cos48 and to be 37 kb (Fig. 1d) . The deleted region, however, contained a G-rich fragment at the deletion point (Fig. 1e) .
Because cDNA 55 was the only gene present in the 100-kb cosmid contig, the complete open reading frame was determined and shown to encode a 254-amino-acid protein with four transmembrane domains (Fig. 2a) . The protein sequence of cDNA 55 showed sequence and structural similarity to the claudin family of tight-junction proteins (Furuse et al. 1998; Morita et al. 1999; Tsukita et al. 1999; Simon et al. 1999) . Therefore, we named the gene responsible for CINF . From the genomic structure of CL-16, it was determined that exons 1-4 are deleted in CINF (Fig. 1d) . This deletion was confirmed by Southern blot analysis with exon-specific probes (data not shown). CL-16 shows ∼90% homology to human PCLN-1, which was recently reported to be a causative gene for FHHN (Simon et al. 1999 ; Fig. 2a) . The four transmembrane domains of CL-16 are 94% identical at the amino acid level to those of PCLN-1. In bovine CL-16, there is an in-frame termination codon (TAA) preceding two possible ATG initiation codons corresponding to methionine-1 and methionine-20. The amino-terminal CINF protein sequence from methionine-20 shows a low similarity to PCLN-1, as compared with the downstream sequence. It is likely that CL-16 encodes a 235-amino-acid protein from methionine-20 with 19%-23% identity to Claudin-1 through Claudin-8 and 92% identity to PCLN-1. CL-16 was expressed differentially in normal unaffected kidney, but not in CINF-affected kidney (Fig. 2b) , suggesting that the CL-16 protein may have a renal function. Although CL-16 was also expressed minimally in the lungs, we did not observe any pathophysiological change in the lungs of CINF-affected cattle. Therefore, CL-16 may not be necessary for respiratory function, or, alternatively, other members of the claudin family may complement CL-16 function in the lungs.
To establish a DNA test for CINF-carrier cattle, we designed PCR primers DN-F and DN-R for the 375-bp normal allele as shown in Figure 3a . The 722-bp CINF mutant allele was PCR amplified with primers DA-F and DA-R (for primer sequences, see Methods). Because the G-rich region was problematic for PCR amplification, the reverse primers DN-R and DA-R were designed for the deletion points. As shown in Figure 3b , the CINF mutant allele was present in CINF-affected and CINF-carrier cattle. In contrast, the mutant allele was not detected in control noncarrier DNA. DNA samples from 80 normal, 96 CINF-affected, and 26 CINF-carrier cattle were collected and subjected to DNA screening. All results correlated with observed phenotypes. Thus, the DNA test was 100% accurate in detecting the mutant allele.
DISCUSSION
Renal glomerular filtration and tubular resorption are essential steps for maintaining homeostasis. We have identified CL-16 as a causative gene for bovine CINF, which is characterized by defective renal filtration and resorption. Therefore, the CL-16 protein most likely plays an important role in filtration and resorption. Claudin proteins are localized at the tight-junctions of epithelial cell layers (Furuse et al. 1998; Morita et al. 1999; Tsukita et al. 1999 ) and may regulate selective paracellular permeation of metabolites through self interaction or interaction with other protein components. FHHN in humans is characterized as a profound renal Mg 2+ wasting disease (Praga et al. 1995) . Simon et al. (1999) reported that point mutations of PCLN-1, the human ortholog of CL-16, in FHHN patients results in defective paracellular Mg 2+ resorption. Their work provides the first evidence of claudin function in renal physiology. In contrast, our mutation had a total loss of function, resulting in more severe phenotypes. Impairment in mineral and/or protein resorption are correlated with renal epithelial intercellular spaces. CINFaffected cattle have increased urinary proteins as well as decreased serum calcium, the latter of which may be related to changes in bow posture of the affected phenotypes. It is possible that the mutated PCLN-1 protein in FHHN partially disorganizes the integrity of the renal epithelial structure, whereas the loss of CL-16 protein in CINF causes its complete disruption. Alternatively, different clinical phenotypes between FHHN and CINF may be accounted for by species specificity. Nevertheless, our data provide additional evidence that the tight-junction protein CL-16 plays an important role in maintaining homeostasis in the kidneys.
METHODS Cosmid Preparation, Characterization by FISH, and Shotgun Sequencing
A bovine YAC library was screened by use of a PCR-based method as described (Takeda et al. 1998 ). An isolated YAC (249E9) and total genomic DNA from peripheral blood leukocytes of CINF-affected cattle were used for construction of cosmid and mutant cosmid libraries, respectively. DNA (100 µg) was partially digested with Sau3AI, and the resulting 20-to 30-kb fragments were collected by agarose gel electrophoresis followed by ligation into the pWe15 cosmid vector. Physical assignment of cosmid clones was done by FISH. Briefly, bovine metaphase chromosome spreads were hybridized with cosmid clones essentially as described (Wada et al. 1994 ) by use of reagents supplied in the Nick Translation Kit with Spectrum Green-dUTP (Visis, IL, USA). The physical relationship between cos68 and cos23 was determined by PCR with forward primer 68-2F, AATCATAGAACTCAGACACAG and reverse primer 23-3R, CACTAAGGATCTGATTCTGCC, located near the ends of cos68 and cos23, respectively. The size of the PCR product was ∼250 bp.
For shotgun sequencing, cosmid DNA was sheared by nebulization to an average size of ∼1.5 kb. The random fragments were cloned into pBluescript II SK(+) (Stratagene). The clones were PCR amplified with T3 and T7 primers and PCR products sequenced directly with T3 and T7 primers by use of ABI 377 DNA sequencers (Perkin-Elmer Applied Biosystems). The sequence reads were assembled and the contig sequences edited using AutoAssembler (Perkin-Elmer Applied Biosystems) and the GENETYX package.
Microsatellite development and genotyping
Microsatellite loci from cos23 were isolated by use of a poly[d(A-C)]poly[d(G-T)] Pharmacia) probe essentially as described (Hirano et al. 1996) . The following primer pairs were synthesized: for DIK129, forward, 5Ј-TATTGCACTGATTA-CATTCTAC-3Ј and reverse, 5Ј-GATTCTCAAACTTTATGAG-GAC-3Ј; for DIK-130, forward, 5Ј-TTGGAATTTGACTTGCT-CACC-3Ј and reverse, 5Ј-CTCACTTGACTTCACATTAGG-3Ј. Both loci were PCR amplified at annealing temperatures of 55°C and 60°C. For other loci, the PCR conditions were optimized as recommended (Kappes et al. 1997) , and other reaction conditions were set as recommended by the manufacturer. Total bovine genomic DNA was prepared from peripheral blood leukocytes. Microsatellite polymorphisms were analyzed by PCR amplification and gel electrophoresis with an ABI 377 automated DNA sequencer as described (Hirano et al. 1996) . Genotype data were captured by means of GENESCAN and Genotyper software (Perkin-Elmer Applied Biosystems).
Mutation Detection
On the basis of DNA sequences that include the deletion region, the following primer pairs were synthesized: for the normal allele (annealing temperature, 57°C; PCR product, 375 bp), DN-F, 5Ј-TATGCTGTTGATGTTTATGTAG-3Ј and DN-R, 5ЈCCCCCCCCCGCCTTTTTC-3Ј; and for the mutant allele (annealing temperature, 57°C; PCR product, 722 bp), DA-F, 5Ј-ATTGTATTTTTAGGAGTGACTC-3Ј and DA-R, 5Ј-CCCC-CCCCCACTCTATAC-3Ј. PCR mixtures (total volume of 15 µl) contained 40 ng of genomic DNA, 12.5 pmoles of each primer, 1.5 mM MgCl 2 , 10 M Tris-HCl (pH 8.3), 50 M KCl, 200 µM of each dNTP, and 0.75 units of Taq DNA polymerase (TAKARA, Tokyo, Japan).
RNA Isolation, cDNA Library Preparation, and Northern Blot Analysis
Tissues from calves were frozen in liquid nitrogen. Total RNA was isolated by homogenization of each sample in Trizol reagent (Life Technologies). Poly(A) + RNA was isolated from total RNA by use of Oligotex-dt30 (Roche). For preparation of a cDNA library, calf kidney poly(A) + RNA was reversetranscribed by use of the Superscript Lambda System for cDNA Synthesis, and cDNAs were cloned by use of the Lambda ZipLox (NotI-SalI arms) Cloning Kit (GIBCO BRL). Blots with poly(A) + RNA were hybridized to the 3Ј-untranslated region of CL-16 cDNA, which was PCR amplified with the following primers: sense, 5Ј-TTCAAAGGAGGC-CAGAGATT-3Ј and antisense, 5Ј-GAATATACAAAATAT-GACAGAC-3Ј.
